INTRODUCTION
South Korea (hereafter Korea) is a country in East Asia, located on the southern part of the Korean Peninsula. It is neighbored by North Korea to the north, Japan to the east and China to the west. Korea has experienced dramatic development and has become highly industrialized and urbanized during the past 40 years, which has resulted in rapid economic growth (for example, the sharp increase in gross domestic product). Due to industrialization and urbanization, however, air pollutant emission sources have increased substantially as well, for example, rapid increases have occurred in the number of vehicles and energy consumption. Because of the small land area (99,720 km 2 as of 2007) and very small habitable area (65% of total land area is forested land), the rapid increase in emission sources has resulted in serious air pollution in Korea. During the last 20 years in Seoul City (the capital of Korea), the ambient concentration of nitrogen dioxides increased from 27 ppb in 1989 to 38 ppb in 2008, and that of ozone soared from 8 ppb in 1989 to 19 ppb in 2008 19 ppb in (NIER, 2009 ).
An air pollutant emissions inventory is one set of essential data used by policymakers to understand the current status of air pollution levels, to establish air pollution protection policies and to analyze the impacts of the implementation of policies. It is also fundamental data for air quality studies; for example, air quality modelers need national emissions data because atmospheric photochemical dispersion models require accurate and realistic emissions inputs to determine air pollutant concentrations through chemical reactions.
In order to accurately and realistically estimate the administrative district level air pollutant emissions of Korea, we developed a Korean Emissions Inventory System named the Clean Air Policy Support System (CAPSS). In CAPSS, emissions sources are classified into four levels (12 upper levels -54 intermediate levels -312 lower levels -527 detail levels). Although emission factors for each classification category are collected from various domestic and international research reports, in principle, domestic emission factors are utilized preferentially to reflect Korean conditions. For activity data, the CAPSS utilizes various national, regional and local level statistical data, compiled by approximately 150 Korean organizations, such as the
METHODOLOGY

1 Inventory Domain and Source
Classification Categories The domain of CAPSS covers a total of 248 administrative districts in South Korea, as shown in Fig. 1 . The Seoul Metropolitan Area (SMA), which includes Seoul City, Gyeonggi Province and Incheon City, is a highly urbanized area which houses almost half of the Korean population. City-province (7 cities and 9 provinces) level emissions are calculated by summing district emissions in each city or province. When summed, all of the city-province level emissions represent the national level emissions.
We divided the Source Classification Category (SCC) 
the lower level (SCC3): 312 source categories and (4) the detail level (SCC4): 527 source categories. Some categories in the SCC3 are not divided further into SCC4. Although we know that more SCC levels result in higher resolution results, we could not segregate SCC into more than four levels due to the limitation of statistical data at a higher level. Detailed information about the four level SCC categories used in CAPSS is presented in Table 1 .
2 Emissions Estimation Method for Point and Area Sources
In general, there are two emissions estimation methods for point sources, the direct method and the indirect method. The direct method uses real-time air pollutant emissions released through stacks in industrial sites, whereas the indirect method (also called the emission factor method) utilizes emissions factors and activity data to calculate emissions. We used both the direct and indirect methods for point sources depending on the available real-time emissions data. For the estimation of emissions from area sources, we used the indirect method utilizing various ample data from organizations in Korea.
1 Point Sources by the Direct Method
According to the Air Pollution Prevention Law (Korean Clean Air Act) in Korea, large facilities (for example, power plants and cement kilns) should install a Continuous Emission Monitoring System (CEMS) in stacks to continuously monitor air pollutant emissions and report real-time data to the governmental CEMS management center. We collected officially approved CEMS database (DB) information and utilized this to more accurately and reliably estimate emissions for large point sources. Annual emissions from the CEMS DB were estimated as follows,
where E is annual emissions (kg), Conc is concentration (ppm), MW is molecular weight, FR is flow rate (m 3 ), OT is operation time (hour), OD is operation day (day) and 10 6 is used for unit conversion.
sources were basically estimated by the multiplication of emission factors and relevant activity data in consideration of the removal efficiencies of control devices. Air pollutant emission factors for each SCC4 category were compiled from a wide range of published sources, for example, Korean research reports published by the NIER, ME and numerous universities, as well as the EEA's EMEP/CORINAIR and the US Environmental Protection Agency's (EPA) AP-42 (US EPA, 1995). They were then evaluated and approved by the Committee of Air Pollutant Emission Factors before being used in CAPSS. In principle, domestic emission factors were utilized preferentially to estimate air emissions (NIER, 2005a, b) . Activity data for point sources were collected by a web-based source data collection system named the Stack Emission Management System (SEMS). Individual companies input their source information through SEMS such as fuel consumption, amount of products and information about stacks and control devices. After quality assurance and quality control, SEMS information was put into a database and utilized in CAPSS for point source emissions estimation. Activity data for area sources were compiled from a wide range of sources of about 120 organizations in Korea such as Statistics Korea, KMA, KEEI, KNOC, KCA, KCGA and several private companies.
Because methodologies for individual sources in the SCC4 categories are slightly different, we introduce here the fundamental concepts used in CAPSS to calculate the emissions for each source category. Emissions from fuel combustion sources, which include
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Asian Journal of Atmospheric Environment, Vol. 5(4), [278] [279] [280] [281] [282] [283] [284] [285] [286] [287] [288] [289] [290] [291] 2011 Table 2 . Uncontrolled emission factors for each species were multiplied by fuel consumptions in consideration of the removal efficiency of air pollutant control devices. Emissions from production processes, storage and distribution of fuels and waste treatment were estimated in CAPSS by multiplying controlled emission factors and amounts of products manufactured, volume of gasoline shipped, distributed or sold and amount of wastes incinerated, respectively (see equation (b) in Table 2 ). In the case of solvent use, we used controlled emission factors and the amount of solvent used or alternative statistics corresponding to emission factors, for example, number of employees and corresponding emission factors in printing (see equation (c) in Table 3 ). Due to the lack of emissions sources and activity data, as well as reliable emission factors, emissions from natural sources (biogenic VOCs), fugitive dust (PM 10 ) and agricultural sources were excluded from this paper. We are currently developing methodologies and will include emissions from theses sources in the future.
3 Spatial Allocation of Emissions from Point and Area Sources
Emissions from point sources were spatially allocated using information on the locations of point sources, mostly using latitude and longitude data of individual industrial sites. If there was no information on location, emissions were allocated over the districts containing industrial sites. In the case of emissions from area sources, if emissions were estimated utilizing district level activity data, they were accepted as district level emissions without any spatial allocation. However, if city-province level activity data were used, emissions were spatially allocated using a spatial allocation index database such as population data and number of employees.
3 Emissions Estimation Method for Mobile
Sources Mobile sources can be subdivided into two categories: on-road mobile sources and non-road mobile sources. On-road mobile sources (named road transport in SCC1) include such vehicles as passenger cars, taxis, buses, trucks, and non-road mobile sources (named other mobile sources and machinery in SCC1) include railways, air traffic, construction machinery and other such means of transport (Table 1) . Because the portion of emissions from mobile sources is large, especially in urbanized cities, we present the detailed emissions estimation method for mobile sources in the following sections.
3. 1 On-Road Mobile Sources
In principle, total emissions from on-road mobile sources per vehicle type (or category in SCC3) are estimated by summing emissions from three subcategories as in SCC4: (1) hot engine operation, (2) cold start and (3) fuel evaporation, as suggested by Ntziachristos and Samaras (Ntziachristos and Samaras, 2000) . This can be expressed as follows,
where E TOTAL is total emissions from on-road mobile sources, E HOT is emissions during stabilized hot engine operation, E COLD is emissions during a cold start and E EVAP is emissions from fuel evaporation (relevant only to VOCs from gasoline vehicles).
(1) Hot Engine Operation Emissions from hot engine operation were calculated by equation (a) in Table 3 . Total VKT (or mileage) per vehicle type can be calculated by the following equation.
Total VKT= =daily mean VKT×number of vehicles×365 days Eq. (3) Total VKT values per vehicle type were spatially allocated into road networks using the results of a traffic volume survey. Emissions from hot engine operation were then calculated by multiplying emission factors and deterioration factors. Deterioration factors per vehicle type were used to account for vehicle age impacts on emissions. Because emission factors are a function of vehicle speed, mean speed per road type (urban, rural and highway) was taken into account. Actual mean speed or 80% of the speed limit for each road was utilized depending on data availability of the traffic speed survey (actual mean speed was utilized when survey data were available). Fig. 2 shows how emissions from hot engine operation were estimated.
(2) Cold Start Cold start emissions are introduced into the calculation as additional emissions and can be calculated by equation (b) in Table 3 . Because the β-parameter is a function of ambient air temperature and average trip length, a mean air temperature of 13.1� C and average trip length of 12.35 km were applied from the KMA automated weather station data and NIER report, respectively (Jang et al., 2007) .
(3) Fuel Evaporation Due to lack of data, evaporative VOCs emissions were only estimated for gasoline vehicles and included three primary sources from diurnal emissions, hot soak emissions and running losses. Emissions from fuel evaporation were calculated by equation (c) in Table 3 . More detailed descriptions can be found in the program by Ntziachristos and Samaras (Ntziachristos and Samaras, 2000) .
Almost all the emission factors per vehicle type in consideration of model year were developed by NIER (Ryu et al., 2005; Ryu et al., 2004; Ryu et al., 2003) . In such cases, no emission factors were calculated, and emission factors of similar vehicle types and model year were adopted and utilized in CAPSS.
We collected a wide range of activity data for vehicle-related information (e.g., number of vehicles, vehi-
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3. 2 Non-Road Mobile Source
In principle, total emissions from non-road mobiles sources are estimated by summing emissions from five sources: (1) railways, (2) ships, (3) aircrafts, (4) agricultural machinery and (5) construction machinery. This can be expressed as follows,
where ETOTAL is total emissions from non-road mobile sources, and E RAIL , E SHIP , E AIR , E AGRI and E CONS are emissions from railways, ships, aircrafts, agricultural machinery and construction machinery, respectively. Basic equations for each non-road mobile source are summarized in Table 4 . For emissions from railways, we used emission factors per train type developed by the Korea Railroad Research Institute (KRRI) (Jung et al., 1997) and activity data (fuel consumption per train type and railroad line) collected from Korea Railroad. In the case of emissions from ships, the US EPA emission factors per sailing mode were utilized, and activity data (port entry and departure per ship tonnage, fuel consumption, etc.) were compiled from the MLTM, Korea Maritime and Port Administration and KEEI. For aircraft emissions, an Emission and Dispersion Modeling System (EDMS) for emission factors per aircraft type, developed by the US Federal Aviation Administration, was used (Anderson et al., 1997) , and activity data such as Landing-TakeOff (LTO) cycles were collected from the Korea Airports Corporation (KAC) and Incheon International Airport (IIAC). Emissions from ground support equipment (e.g., baggage tractor, belt loader, catering truck, etc.) during landing and takeoff were also taken into account. For emissions from agricultural and construction machineries, emission factors and average rated horsepower developed by NIER were utilized (Eom et al., 1999; Chung et al., 1997) , and activity data (number of machineries) were collected from the MLTM.
3. 3 Spatial Allocation of Emissions from Mobile Sources
Emissions from on-road mobile sources were spatially allocated using information from a traffic volume survey for each road network. For roads with no available survey data, emissions were allocated over the districts using city-province level estimated VKT data, which were calculated by subtracting actual VKT from total VKT. Using estimated VKT, we computed a cityprovince level spatial allocation index to allocate emissions. Emissions from railways were spatially allocated using the information of length ratio of railroads in districts. Emissions from ships and aircrafts were allocated utilizing information on sailing routes and the location of runways in airports, respectively. For emissions from agricultural and construction machineries, we first estimated city-provincial level emissions using the number of registered machines in the city or province and then spatially allocated emissions over the districts. We utilized the ratio between urban and agricultural areas in the district to allocate emissions from agricultural machineries over districts and used groundbreaking construction areas in the district for spatial allocation of construction machineries (NIER, 2010).
RESULTS
1 Overall 2007 Air Pollutant Emissions in
Korea Total 2007 air pollutant emissions for CO, NOx, SOx, PM 10 and VOCs in Korea were estimated as 3,372,151 tons, excluding biogenic VOCs, fugitive dust, as well as emissions from agricultural sources. As shown in Table 5 summarizes the 2007 national air pollutant emissions in terms of SCC1 sectors, and Fig. 3 shows the sectoral contribution of emissions for the five air pollutants CO, NOx, SOx, PM 10 and VOCs.
2 Sectoral Contribution of Emissions
2. 1 CO
Total CO emissions in Korea during 2007 were 809 thousand tons. The road transport sector was the dominant source, with 546 thousand tons of emissions and a 67.6% contribution rate to total emissions. In the road transport subsectors, passenger cars were the primary sources with 305 thousand tons of emissions. The second largest sector for CO emissions was other mobile sources and the machinery sector, which emitted 96 thousand tons of CO emissions with an 11.8% contribution rate. In this sector, emissions from construction machinery and equipment were the major contributor (74 thousand tons). The third largest sector was the non-industrial combustion plants sector, with 80 thousand tons of emissions and a 9.9% contribution rate.
2. 2 NOx
Total NOx emissions in Korea during 2007 were 1,188 thousand tons. The road transport sector was the dominant source with 495 thousand tons of emissions and a 41.7% contribution rate to total emissions. In the road transport subsectors, trucks were the primary sources with 299 thousand tons of emissions. The second largest sector for NOx emissions was other mobile sources and the machinery sector, which emitted 237 thousand tons of NOx emissions with a 20.0% contribution rate. In this sector, emissions from construction machinery and equipment were the major contributor (152 thousand tons). The third largest sector was combustion in the energy industries sector with 156 thousand tons of emissions and a 13.2% contribution rate. Emissions from public powers were the main contributor (123 thousand tons). The fourth largest sector was combustion in manufacturing industries (155 thousand tons, 13.1%).
2. 3 SOx
Total SOx emissions in Korea during 2007 were 403 thousand tons. Combustion in the manufacturing industries sector was the primary source with 102 thousand tons of emissions and a 25.4% contribution rate to total emissions. For combustion in manufacturing industries subsectors, other sectors were primary sources with 62 thousand tons of emissions. The second largest sector for SOx emissions was combustion in the energy indus-
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Asian Journal of Atmospheric Environment, Vol. 5(4), 278-291, 2011 tries sector, which emitted 94 thousand tons of SOx emissions with a 23.4% contribution rate. In this sector, emissions from public powers were primary sources (71 thousand tons). The third largest sector was the production processes sector with 86 thousand tons of emissions and a 21.3% contribution rate. Emissions from processes in petroleum industries and processes in iron and steel industries and collieries were the main contributors (36 and 33 thousand tons, respectively). The fourth largest sector was non-industrial combustion plants (64 thousand tons, 15.9%).
2. 4 PM 10
Total PM 10 emissions in Korea during 2007 were 98 thousand tons. Combustion in the manufacturing industries sector was the dominant source with 53 thousand tons of emissions and a 54.1% contribution rate to total emissions. For the combustion in manufacturing industries subsectors, other sectors were primary sources with 50 thousand tons of emissions. The second largest sector for PM 10 emissions was the road transport sector, which emitted 23 thousand tons of PM 10 emissions with a 23.1% contribution rate. In this sector, emissions from trucks were the major contributor (15 thousand VOCs tons). The third largest sector was other mobile sources and the machinery sector with 11 thousand tons of emissions and a 10.7% contribution rate.
2. 5 VOCs
Total VOCs emissions in Korea during 2007 were 875 thousand tons. The solvent use sector was the dominant source with 531 thousand tons of emissions and a 60.7% contribution rate to total emissions. In the solvent use subsectors, the paint application sector was the primary source with 348 thousand tons of emissions. The second largest sector for VOC emissions was the production processes sector, which emitted 140 thousand tons of VOC emissions with a 16.0% contribution rate. In this sector, emissions from processes in petroleum industries were major contributors (52 thousand tons). The third largest sector was the road transport sector with 95 thousand tons of emissions and a 10.9% contribution rate. Table 6 summarizes city-provincial level air pollutant emissions, and Fig. 4 shows the spatial distribution of emissions for the five regulated air pollutants, CO, NOx, SOx, PM 10 and VOCs.
3 Regional Air Pollutants Emissions
1 Emissions from Seoul Metropolitan Area
Although SMA (Seoul, Gyeonggi and Incheon) covers only around 12% of the total Korean area (11,745 out of 99,720 km 2 as of 2007) (see Fig. 1 ), it is a highly urbanized area housing around 49% of the Korean population (23,963 out of 49,269 thousand persons as of 2007) and 46% of the registered vehicles in Korea In terms of air pollutant emissions, as expected, SMA is responsible for 33.0% (1,113 thousand tons) of total Korean air emissions (3,372 thousand tons); in particular, 43.2% (349 thousand tons) of CO emissions, 32.4 % (385 thousand tons) of NOx emissions and 35.6% (311 thousand tons) of VOCs emissions, mostly due to mobile sources (especially from the road transport sector). Detailed SCC1 sectoral emissions from SMA and other selected regions for the five air pollutants are presented in Table 7 .
2 CO
Because road transport was the dominant sector for CO emissions, regional CO emissions depended highly on the number of registered vehicles in the cities or provinces. Gyeonggi Province, with 3,792 thousand vehicles, was the primary region for emissions, with 148 thousand tons of emissions, contributing 18.3% to total emissions. Seoul City (2,933 thousand vehicles) was the second largest source region for CO emissions with 143 thousand tons of emissions and a 17.7% contribution rate. In other regions, except for SMA, Gyeongbuk and Gyeongnam Provinces were major source regions with 59 and 51 thousand tons of emissions, respectively.
3 NOx
The mobile sector and combustion from the energy industries sector were the main sources for NOx emissions in Korea, as described in the previous section. Gyeonggi Province was the highest source region with 207 thousand tons of emissions and a 17.5% contribu-
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Asian Journal of Atmospheric Environment, Vol. 5(4), 278-291, 2011 tion rate to total Korean NOx emissions. In Gyeonggi Province, the road transport sector was the primary source (113 thousand tons, 54.7%), and other mobile sources and the machinery sector were the secondary sources (46 thousand tons, 22.3%). The second highest source region was Seoul City, with 113 thousand tons of emissions (9.5%). Like Gyeonggi Province, in Seoul City, road transport and other mobile sources and machinery sectors were major sources for NOx emissions, contributing 46.0% (52 thousand tons) and 33.8% (38 thousand tons) to total Seoul NOx emissions, respectively. The third highest source region was Chungnam Province, with 105 thousand tons of emissions (8.9%). Unlike Gyeonggi and Seoul, due to four coal-fired power plants, combustion in the energy industries sector was the primary source in this region (51 thousand tons, 48.3%).
4 SOx
The combustion sector (in particular, combustion in manufacturing industries and combustion in energy industries) and production processes sector were the main sources for SOx emissions in Korea, as described in the previous section. Jeonnam Province, housing a large-scale complex for the petrochemical industry and steel manufacturing industry, was the highest source region with 72 thousand tons of emissions and a 17.9% contribution rate to total Korean SOx emissions. In Jeonnam Province, the production processes sector was the primary source (27 thousand tons, 37.9%), and combustion in the manufacturing industries sector was the secondary source (20 thousand tons, 28.0%). The second highest source region was Ulsan City, with 63 thousand tons of emissions (15.7%). In Ulsan City, where the largest petrochemical industry complex is located, production processes and combustion in the manufacturing industries sectors were major sources for SOx emissions, contributing 44.4% (28 thousand tons) and 21.0% (13 thousand tons) to total Ulsan SOx emissions, respectively, followed by combustion in the energy industries (12 thousand tons, 18.6%). The third highest source region was Chungnam Province, with 52 thousand tons of emissions (12.9%). Due to coalfired power plants, combustion in the energy industries sector was the dominant source in this region (38 thousand tons, 72.7%).
5 PM 10
Combustion in the manufacturing industries was the dominant source for PM 10 emissions in Korea, as described in the previous section. Jeonnam Province, due to its petrochemical and steel manufacturing industry, was the highest source region with 25 thousand tons of emissions and a 25.8% contribution rate to total Korean PM 10 emissions. In Jeonnam Province, combustion in the manufacturing industries sector was the dominant source (21 thousand tons, 81.6%). The second highest source region was Gyeongbuk Province City, with 17 thousand tons of emissions (17.2%). Like Jeonnam Province, in Gyeongbuk Province, where one of the largest steel manufacturing industry complexes is located, combustion in the manufacturing industries sector was the dominant source of PM 10 emissions, contributing 68.8% (12 thousand tons) to total Gyeongbuk PM 10 emissions, followed by production processes (2 thousand tons, 12.8%). The third highest source region was Ulsan City, with 10 thousand tons of emissions (10.0%). Due to the petrochemical industry complex in Ulsan, combustion in the manufacturing industries sector was also the dominant source for PM 10 emissions in this region (7 thousand tons, 76.4%).
6 VOCs
Solvent use was the dominant source for VOCs emissions in Korea, as described in the previous section. Gyeonggi and Seoul in SMA were the primary and secondary source regions with 162 and 91 thousand tons of emission and an 18.5 and 10.5% contribution rate to total Korean VOCs emissions, respectively. In both the Gyeonggi and Seoul areas, the solvent use sector was the dominant source (114 and 64 thousand tons; 70.5% and 70.0%, respectively), and the paint application sector was the primary source in the solvent use subsectors. In other regions, Ulsan and Gyeongnam were major VOCs source regions with 97 (11.1%) and 82 (9.4%) thousand tons of emissions, respectively. The 
CONCLUSIONS
We developed CAPSS, a Korean emissions inventory system, with administrative district resolution and presented 2007 national air pollutant emissions for CO, NOx, SOx, PM 10 and VOCs in Korea. In CAPSS, emission sources were classified into four levels. Emission factors for each classification category were collected from various domestic and international research reports, and CAPSS utilized various statistical data, compiled by around 150 organizations in Korea.
We used both direct and indirect methods for point sources depending on the available real-time emissions data (CEMS database). For the estimation of emissions from area sources, we used an indirect method utilizing various data from organizations in Korea. Total emissions from on-road mobiles sources per vehicle type were estimated by summing emissions from three subcategories, hot engine operation, cold start and fuel evaporation. Total emissions from non-road mobiles sources were estimated by summing emissions from the five sources of railways, ships, aircrafts, agricultural machinery and construction machinery.
Total 2007 air pollutant emissions for CO, NOx, SOx, PM 10 and VOCs in Korea were estimated as 3,372,151 tons, exclusive of biogenic VOCs, fugitive dust and emissions from agricultural sources. NOx emissions occupied the largest share with 1,188 thousand tons, followed by VOCs emissions with 875 thousand tons and CO emissions with 809 thousand tons. Mobile sources, which emitted 1,582 thousand tons of the five air pollutants during 2007, were the largest sources in Korea. The next largest sources were combustion sources with 860 thousand tons of the five air pollutant emissions, followed by solvent use sources, which emitted 531 thousand tons of VOCs emissions.
Total CO emissions were 809 thousand tons, and the road transport sector was the dominant source with a 67.6% contribution rate to total emissions. Total NOx emissions were 1,188 thousand tons, and the road transport sector was the dominant source with a 41.7% contribution rate. Total SOx emissions were 403 thousand tons, and combustion in the manufacturing industries sector was the primary source with a 25.4% contribution rate. Total PM 10 emissions were 98 thousand tons, and combustion in the manufacturing industries sector was the dominant source with a 54.1% of contribution rate. Total VOCs emissions were 875 thousand tons, and the solvent use sector was the dominant source with a 60.7% contribution rate.
Due to urbanization, SMA was responsible for 33.0% of total Korean air emissions, with 43.2% of CO emissions, 32.4% of NOx emissions and 35.6% of VOCs emissions. In regions other than SMA, the Ulsan, Chungnam, Jeonnam, Gyeongbuk and Gyeongnam areas were primary source regions for air pollutants due to power plants, petrochemical and steel industries in the region.
Although we presented 2007 national air pollutant emissions in this paper, it is important to estimate past or historical emissions to analyze emissions trends. For this, we are currently collecting relevant yearly activity data to calculate past emissions from 2000. We will apply the same methodology introduced in this paper and publish results in the near future. We have also realized that CAPSS should be improved by reflecting the emissions from biomass burning sources (e.g., open burning, charcoal kiln, charcoal broiling, etc.) and adding fugitive dust from unpaved road sources. Emissions from these sources will be included one by one through step-by-step studies in the future.
